Design: Controlled experimental study. Setting: University-based research laboratory. Subjects: A total of 14 anesthetized, mechanically ventilated sheep.
T issue dysoxia is a condition in which oxygen delivery can no longer sustain aerobic metabolism (1) . Despite normalization of systemic hemodynamics and oxygen transport in sepsis, evidence of tissue hypoxia and hypoperfusion, such as lactic acidosis and intramucosal acidosis, are frequently present (2) . This condition is usually interpreted as a deficit in oxygen extraction. Different experimental models have showed that endotoxin administration worsens tissue oxygen extraction (3) (4) (5) . Whether oxygen extraction deficit is caused by regional hypoxia secondary to microcirculatory alterations, or by a defect in the metabolic pathways related to mitochondrial respiration remains uncertain. In resuscitated endotoxemic pigs, VanderMeer et al. (6) found that intramucosal acidosis developed despite preserved mucosal oxygenation and blood flow. These observations were interpreted as metabolic disturbances and led to the concept of "cytopathic hypoxia" (7) . Different studies support the hypothesis of bioenergetic failure in sepsis. Brealey et al. showed in a rat model of fecal peritonitis (8) and in septic patients (9) that severity of organ dysfunction and outcome were associated with nitric oxide overproduction and increasing mitochondrial dysfunction. Boulos et al. (10) demonstrated that in vitro mitochondrial respiration was significantly depressed by septic serum and that the inhibition of nitric oxide and poly(ADP-ribose) synthase pathway significantly attenuated this suppression. Nevertheless, an experimental model of sepsis showed that impaired oxygen transport in skeletal muscle is likely the result of a microcirculatory dysfunction (11) . Similar microcirculatory derangements were also found in clinical studies (12) (13) (14) .
Furthermore, the characteristics of blood flow redistribution in the intestine are a controversial issue. In an endotoxic canine model, Vallet et al. (15) found low values of mucosal PO 2 , suggesting that blood flow redistribution toward muscular layer was the source of intramucosal acidosis. Revelly et al. (16) , however, described an inverse redistribution, with increased mucosal and decreased muscular blood flow. Paradoxically, intramucosal pH was inversely correlated with mucosal blood flow and positively correlated with muscular perfusion. The authors concluded that intramucosal acidosis was not explained by mucosal hypoperfusion (16) .
If mucosal flow is preserved, the way in which intramucosal acidosis develops is unclear. Increases in ileal intramucosal-arterial PCO 2 difference (⌬PCO 2 ) are mainly determined by low blood flow states (17, 18) . Besides, it has been recently shown that sublingual capnometry tracks microcirculatory changes and correlates with gastric tonometry, in septic patients (19) .
Our goal was to compare ⌬PCO 2 with sublingual and intestinal microcirculation during endotoxemic shock and resuscitation in sheep. Our hypothesis was that the presence of intramucosal acidosis after the resuscitation of endotoxemic shock is explained by occult, persistent hypoperfusion of the ileal villi in face of normalized intestinal and systemic hemodynamics. In addition, we explored whether sublingual and intestinal microcirculatory flow might reflect each other.
MATERIALS AND METHODS
Surgical Preparation. A total of 14 sheep (20 Ϯ 4 kg) were anesthetized with 30 mg/kg sodium pentobarbital, intubated, and mechanically ventilated (dual phase control respirator pump ventilator, Harvard Apparatus, South Natick, MA) with a tidal volume of 15 mL/kg, an FIO 2 of 0.21, and a positive end-expiratory pressure of 8 cm H 2 O. The initial respiratory rate was set to keep the end-tidal PCO 2 at 35 mm Hg. This respiratory setting was maintained during the rest of the experiments. Neuromuscular blockade was performed with intravenous pancuronium bromide (0.06 mg/ kg). Additional pentobarbital boluses (1 mg·kg Ϫ1 ·hr Ϫ1 ) were administered as required. Analgesia was provided by fentanyl as a bolus of 2 g/kg, followed by 1 g·kg Ϫ1 ·hr Ϫ1 .
Catheters were advanced through left femoral vein to administer fluids and drugs and through left femoral artery to measure blood pressure and to obtain blood gases. A pulmonary artery catheter was inserted through right external jugular vein (7.5-Fr Swan-Ganz standard thermodilution pulmonary artery catheter, Edwards Life Sciences, Irvine, CA).
A midline laparotomy was performed, followed by a gastrostomy, to allow drainage of gastric contents, and a splenectomy. An electromagnetic flow probe was placed around the superior mesenteric artery to measure intestinal blood flow. A catheter was placed in the mesenteric vein through a small vein proximal to the gut to draw blood gases. A tonometer was inserted through a small ileotomy to measure intramucosal PCO 2 . A 10-to 15-cm segment of the ileum was mobilized, placed outside the abdomen, and opened 2 cm on its antimesenteric border to allow the examination of the mucosa. The exteriorized intestinal segment was covered, and moisture and temperature were preserved by a device. Finally, after careful hemostasis, the abdominal wall incision was closed, leaving a short segment for externalization of the ileal loop.
Measurements and Derived Calculations. Arterial, systemic, pulmonary, and central venous pressures were measured with corresponding transducers (Statham P23 AA, Statham, Hato Rey, Puerto Rico). Cardiac output was measured by thermodilution with 5 mL of 0°C saline solution (HP OmniCare 24 A 10, Hewlett Packard, Andover, MA). The average of three measurements taken randomly during the respiratory cycle was normalized to body weight. Intestinal blood flow was measured by the electromagnetic method (Spectramed blood flowmeter SP 2202 B, Spectramed, Oxnard, CA) with in vitro calibrated transducers of 5-7 mm in diameter (blood flowmeter transducer, Spectramed). Occlusive zero was controlled before and after each experiment. Nonocclusive zero was corrected before each measurement. Superior mesenteric blood flow was normalized to gut weight.
Arterial, mixed venous, and mesenteric venous PO 2 , PCO 2 , and pH were measured with a blood gas analyzer (ABL 5, Radiometer, Copenhagen, Denmark), and hemoglobin and oxygen saturation were measured with a cooximeter calibrated for sheep blood (OSM 3, Radiometer). The respective oxygen contents were calculated as: hemoglobin ϫ 1.34 ϫ oxygen saturation ϩ PO 2 ϫ 0.0031. Systemic and intestinal oxygen transports, oxygen consumptions, and oxygen extraction ratios were calculated by standard equations. Systemic and intestinal CO 2 production were calculated from cardiac output and superior mesenteric blood flow and the respective CO 2 content differences (20) .
Intramucosal PCO 2 was measured with a tonometer (Tonometrics Catheter, Datex Ohmeda Division, Helsinki, Finland) filled with 2.5 mL of saline solution. After an equilibration period of 30 mins, 1.0 mL was discarded, and PCO 2 was measured in the remaining 1.5 mL. Its value was corrected to the corresponding equilibration period and was used to calculate ⌬PCO 2 (21) .
Arterial lactate was measured with an amperometric electrode containing lactate oxidase (Rapidlab 865, Chiron Diagnostics, East Walpole, MA).
Microvideoscopic Measurements and Analysis. The microcirculatory network was evaluated in the sublingual mucosa and the intestinal mucosa and serosa using a sidestream dark field imaging device (Microscan, Micro-Vision Medical, Amsterdam, Netherlands) (22) . A ϫ5 objective (onscreen magnification of ϫ326) was used during measurements. Sidestream dark field imaging consists of a light guide surrounded by green lightemitting diodes (wavelength of 530 nm) whose light penetrates the tissue and illuminates the microcirculation. The light is absorbed by hemoglobin of the red blood cells, making them visible as flowing globules in the microcirculation. A magnifying lens projects the image onto a video camera (22) . After gentle removal of saliva/feces by isotonic-saline-drenched gauze, steady images of Ն20 secs were obtained, avoiding pressure artifacts, using a portable computer and an analog-to-digital video converter (ADVC110, Canopus, San Jose, CA). Because heterogeneity of flow seems to be an important characteristic of microvascular alterations during sepsis, sidestream dark field images were acquired from three different regions within the site of interest, and each image was divided into four equal quadrants.
Video clips were analyzed blindly and randomly using a modification of a semiquantitative score previously validated (23) . It distinguishes and scores flow: no flow, 0; intermittent flow, 1; sluggish flow, 2; continuous flow, 3; and hyperdynamic blood flow, 4. In case the microvascular subunit contains different types of vessels with different diameters (e.g., the sublingual vascular bed), these quantifications of flow were made per cohort of vessel diameter: small (capillaries), 10 -25 m; medium, 26 -50 m; and large, 51-100 m. Quantification of flow was scored per quadrant, for each cohort of vessel diameter if applicable. The overall score, called the microvascular flow index, is the sum of each quadrant score divided by the number of quadrants in which the vessel type is visible (23) . For each animal, values obtained from three fields were averaged.
At the serosa layer, vessels were divided only into small and large because of the limited prevalence of medium vessels in this anatomical site.
In addition, the percentage of perfused ileal villi was determined. As previously described, each individual villi was semiquantitatively classified as perfused, unperfused, or heterogeneously perfused according to the quality of flow of red blood cells in the capillaries (24) . The percentage of perfused villi was estimated as the number of perfused villi over the total number of villi, counted in each video image.
Experimental Procedure. Basal measurements were taken after a stabilization period of Ն30 mins. After basal measurements, sheep were randomly assigned to either endotoxin or control groups. In the endotoxin group (n ϭ 7), a bolus of 5 g/kg endotoxin was given in 1 min, followed by a continuous infusion of 4 g·kg Ϫ1 ·hr Ϫ1 during the rest of the experiment. After 1 hr without resuscitation (endotoxic shock), sheep received 6% hydroxyethylstarch 130/0.4 (Voluven, Fresenius-Kabi) to reach basal blood pressure and intestinal blood flow. Then, resuscitation was continued for 90 mins (resuscitation). To demonstrate the stability of the model, in the control group (n ϭ 7), sheep had the same surgical preparation but did not receive endotoxin.
Hemodynamic measurements were recorded every 30 mins, except for lactate and microcirculation, which were only performed at basal, after 60 mins of shock, and after 90 mins of resuscitation.
At the end of the experiment, the animals were killed with an additional dose of pentobarbital and a potassium chloride bolus. A catheter was inserted in the superior mesenteric artery and Indian ink was instilled through it. Dyed intestinal segments were dissected, washed and weighted so as to calculate gut indexes. Mean intestinal weights were 616 Ϯ 98 g.
This study was approved by the local institutional review board. Care of animals was in accordance with National Institute of Health guidelines.
Statistical Analysis. Data were assessed for normality and expressed as mean Ϯ SD. They were analyzed with two-way repeated measures analysis of variance. After an overall p value for a between group comparison Ͻ.05, differences in specific points of time were explored with unpaired Student's t-test with Bonferroni correction for multiple comparisons. Within-group differences were identified with paired Student's t-test with Bonferroni correction.
RESULTS
Blood gases, cardiovascular and oxygen transport effects. Table 1 shows the arterial, mixed venous and mesenteric venous blood gases in basal, shock, and resuscitation conditions, in endotoxin and control groups.
During endotoxic shock, mean arterial blood pressure, cardiac index, and superior mesenteric artery blood flow decreased. Fluid resuscitation normalized these variables ( Table 2 ). Additional hemodynamic variables are displayed in Table 2 .
Systemic and intestinal oxygen supply dependency arose during shock and reversed after fluid resuscitation ( Table 2) . Systemic and intestinal oxygen extraction ratios increased from 43% Ϯ 6% and 36% Ϯ 6% at basal, to 59% Ϯ 11% and 59% Ϯ 9% after 60 mins of endotoxic shock (p Ͻ .05 for both). After 90 mins of resuscitation, systemic and intestinal oxygen extraction ratios decreased close to basal values (50% Ϯ 11% and 46% Ϯ 11% (p ϭ NS vs. basal). In the control group, all these variables remained unchanged ( Table 2) .
Effects on PCO 2 Gradients and Arterial Lactate. Endotoxic shock increased ⌬PCO 2 , which persisted elevated after the resuscitation (Table 1) . Arterial lactate increased after endotoxic shock and remained elevated after resuscitation (1.5 Ϯ 0.5, 3.7 Ϯ 1.3, and 3.7 Ϯ 0.9 vs. 1.5 Ϯ 0.2, 1.4 Ϯ 0.3, and 1.3 Ϯ 0.3 mmol/L in control group, p Ͻ .05).
Mixed venous-arterial and mesenteric venous-arterial PCO 2 differences increased during shock, and normalized after resuscitation (7 Ϯ 3, 11 Ϯ 3, and 7 Ϯ 3, and 6 Ϯ 2, 11 Ϯ 3 and 8 Ϯ 2 mmHg, respectively; p Ͻ .05 for basal vs. 60 mins shock for both). These venoarterial PCO 2 differences did not change in the control group (7 Ϯ 2, 6 Ϯ 3, and 7 Ϯ 3, and 6 Ϯ 2, 6 Ϯ 2, and 6 Ϯ 3 mmHg, respectively; p ϭ NS for both). Systemic and intestinal VCO 2 were decreased during endotoxic shock ( Table 2) .
Effects on Microcirculation. Endotoxic shock decreased sublingual and serosal and mucosal intestinal microvascular flow indexes in the different cohorts of vessel diameter. Fluid resuscitation increased sublingual and serosal intestinal microvascular flow indexes to basal values, but failed to normalize mucosal intestinal microvascular flow indexes ( Table 3 ). The percentage of perfused intestinal villi was reduced by endotoxic shock and persisted low despite resuscitation ( Fig. 1A) .
⌬PCO 2 significantly correlated with the percentage of perfused intestinal villi but not with superior mesenteric artery blood flow (Fig. 1, B and C).
DISCUSSION
To our knowledge, this is the first study that compares sublingual and intestinal serosal and mucosal microcirculation through their direct visualization during endotoxemic shock and resuscitation. Our main findings were that: 1) endotoxic shock rapidly induced alterations of intestinal and sublingual microcirculation; 2) normalization of systemic and intestinal hemodynamic and oxygen transport variables by fluid resuscitation restored microvascular flow indexes at sublingual and intestinal serosal levels; 3) nevertheless, mucosal intestinal microvascular flow index and the percentage of perfused villi remained altered. These alterations in the distribution of microvascular blood flow within intestinal wall seem to be the explanation for the persistence of intramucosal acidosis.
Endotoxin administration produced a shock state characterized by arterial hypotension, low cardiac output and intestinal blood flow, and low systemic vascular resistance. The reduction of oxygen transport generated oxygensupply dependency both at systemic and intestinal levels. After a decrease in the oxygen transport, increases in systemic and intestinal oxygen extraction are expected to be Ͼ60% before any decrease in oxygen consumption occurs. In our experiments, however, oxygen supply dependence developed at values of oxygen extraction lower than expected. Nelson et al. (5) have showed lower critical intestinal oxygen extraction ratios in endotoxic dogs than in hemorrhagic controls (47% Ϯ 10% vs. 69% Ϯ 6%). This derangement of tissue intestinal oxygenation has been attributed to both energetic metabolism (6 -10) and microcirculatory alterations (11) . Ellis et al. (11) , using a 24-hr rat cecal ligation and perforation model of sepsis, studied oxygen transport in individual capillaries of skeletal muscle. They hypothesized that erythrocyte oxygen saturation levels within normally flowing capillaries would provide evidence of either a mitochondrial failure (increased oxygen saturation) or an oxygen transport derangement (decreased oxygen saturation). For this purpose, they used a spectrophotometric functional imaging system, based on intravital video microscopy, that provided quantitative in vivo data on functional capillary density and local oxygen saturation gradient across individual capillaries (i.e., from the capillary entrance [arteriolar end] to the capillary exit [venular end]). They found that sepsis caused 1) an increase in stopped-flow capillaries (from 10% to 38%), 2) an increase in the proportion of fast-flow to normal-flow capillaries, and 3) a decrease in capillary venular-end oxygen saturation from 58 Ϯ 20 to 38 Ϯ 21. Capillary oxygen extraction increased three-fold and was directly related to the degree of stopped flow. The authors concluded that in the early stages of sepsis, impaired oxygen transport is likely the result of a microcirculatory dysfunction (11) .
The oxygen supply dependence that appeared during endotoxic shock in our experiments might be related to both global and microcirculatory derangements in oxygen transport. Sidestream dark field imaging allowed us the detection of decreased microvascular flow indexes at sublingual and intestinal sero- sal and mucosal sites. To our knowledge, this is the first attempt to study sublingual microcirculation in experimental shock in sheep. Different clinical studies have showed that sublingual microcirculation is severely compromised in septic patients (12) (13) (14) . The persistence of these alterations has significant prognostic value, as these are better correlated with outcome than other classic variables (25) . Furthermore, some therapeutic approaches might be directed at correct-ing microcirculatory disorders (13, 26, 27) . Our results show that the sublingual area can also be used as an experimental approach to microcirculation in basic research. Several researchers have proposed that derangements in sublingual perfusion can reflect those from the splanchnic bed (28 -32) . In addition, Creteur et al. (19) described similar decrease of gastric and sublingual ⌬PCO 2 in response to dobutamine. Our results also showed a similar behavior of sublingual and intestinal microcirculation during the shock.
Fluid resuscitation, however, substantially modified the pattern of microcirculatory distribution. Sublingual mucosa returned to its basal microcirculatory flow index. Within the intestinal wall, there was a redistribution of microvascular blood flow. Serosal microvascular flow index recovered its basal values, but mucosal microvascular flow index and the number of perfused villi remained depressed. The characteristics of intestinal blood flow redistribution are similar to those described by Vallet et al (15) . Brell et al. (33) , using intravital microscopy in rats, showed that Staphylococcus aureus alpha-toxin causes ileal mucosal hypoperfusion. Nakajima et al. (34) also showed that endotoxin induces a significant decrease in mucosal perfusion of mouse small intestine, characterized by a reduction in red blood cell velocity and flow in villi. Moreover, at a high dose of endotoxin, these changes were associated with a significant decrease in the number of perfused villi (34) . Sielenkamper et al. (35) and Farquhar et al. (36) , in models of cecal ligation and perforation in rats, only observed depressed capillary density without affecting blood flow in the cen- (37) , reduced red blood cell deformability (38) , and alterations in the nitric oxide pathway, such as changes in methylarginine metabolism (39) and carbon monoxide vasoregulation (40) . In addition, portal hypertension might play an important role. Portal hypertension has been consistently described in endotoxic shock. In addition, it has been hypothesized that portal hypertension, with subsequent loss of the veno-arterial response during endotoxic shock, might explain flow redistribution from mucosa to serosa (41) . On the other hand, some researchers have described a different pattern of blood flow alteration in endotoxic shock and resuscitation, characterized by redistribution of flow from serosal and muscular layers toward mucosa (16, 42, 43) . These opposing findings might be related to the methodology used to evaluate the microcirculation. Interestingly, in most studies, in which assessments have been performed with indirect methods, mucosal perfusion was found preserved. Indeed, studies using laser-Doppler flowmetry (6) , dyed (16) or fluorescent (16, 42) microspheres, and PO 2 measurements using Pd-porphyrin phosphorescence (43) have failed to identify mucosal hypoperfusion. Conversely, direct visualization of intestinal mucosa by intravital microscopy (33) (34) (35) (36) , orthogonal spectral polarization (OPS) imaging (24) , or the sidestream dark field imaging of our study have almost systematically showed alterations in its microcirculation. It is worth noting that laser Doppler flowmetry provides a relative signal of red blood cell flow from an unknown tissue volume, and thus, it is unable to discriminate capillary stopped flow or flow heterogeneity induced by sepsis. Notwithstanding, it is important to realize that the controversies in these studies could also be explained by the differences in microcirculatory characteristics of several organs, susceptibilities and responses of studied species, dissimilar experimental models of sepsis, and different fluid resuscitation regimens. Anyway, our findings are consistent with the hypothesis that heterogeneity of flow within and between different microcirculatory units seems to be a characteristic finding in sepsis. Recently, Boerma et al. (44) showed the lack of correlation between sublingual and intestinal mucosal microvascular flow during the first day of abdominal sepsis in humans.
Another finding was that intramucosal acidosis, which developed during endotoxic shock, persisted despite adequate fluid resuscitation. Accordingly, ⌬PCO 2 was not related to superior mesenteric artery blood flow but to the percentage of perfused ileal villi. These findings further emphasized that tissue PCO 2 is mainly determined by local perfusion (17, 18, (45) (46) (47) . Our results confirm previous observations from Tugtekin et al (24) . These investigators have showed, in a porcine model of 24-hr endotoxin infusion, that intramucosal acidosis was associated with hypoperfusion of about half of the evaluated villi, whereas portal blood flow remained unchanged. Creteur et al. (19) have demonstrated in septic patients that sublingual ⌬PCO 2 correlated with the proportion of well-perfused capillaries. In addition, ⌬PCO 2 decrease in response to dobutamine paralleled the increase in the proportion of well-perfused capillaries in each. Recently, Fries et al. (32) have also shown, in a rat model of hypodynamic septic shock, close correlations between gastric and buccal PCO 2 and the respective microvascular flow indexes. On the other hand, other researchers failed to show a relationship between mucosal perfusion and ⌬PCO 2 . Revelly et al. (16) described an inverse correlation between intramucosal pH and mucosal blood flow. Siegemund et al. (43) showed, in a porcine model of endotoxemia, a decrease in ileal mucosal and serosal microvascular PO 2 and a rise in ⌬PCO 2 . Fluid resuscitation normalized mucosal microvascular PO 2 but did not improve serosal microvascular PO 2 and ⌬PCO 2 (43). Pittner et al. (48) reported that inducible nitric oxide synthase inhibition improves ⌬PCO 2 , even though ileal villi remained hypoperfused. Consequently, the authors speculated about redistribution of microvascular perfusion within the gut wall or an improvement of cellular respiration. These controversies between studies might be related to different experimental models, species studied, or methodologic assessment of the microcirculation.
The dependence of VO 2 on DO 2 is a state of tissue dysoxia in which metabolism is anaerobically accomplished (1). Accordingly, low flow state was associated with hyperlactatemia, which should be explained by anaerobic glucolysis. Fluid resuscitation rapidly normalizes hemodynamic and oxygen transport variables. High arterial lactate levels, however, remained elevated. Hyperlactatemia might be evidence of persistent tissue dysoxia, mainly in the absence of adequate resuscitation (2) . Nevertheless, ongoing hyperlactatemia, despite normalization of oxygen transport, might be better accounted by other mechanisms. Skeletal muscle could be a leading source of lactate formation as a result of exaggerated aerobic glycolysis through Na ϩ K ϩ ATPase stimulation by catecholamines during septic shock (49 -51) . Despite this, after resuscitation of endotoxemic shock, we were able to detect a microcirculatory perfu- sion deficit, and we cannot rule out an anaerobic source for hyperlactatemia. This study has several limitations. First, the model of septic shock and resuscitation consisted in a short-term endotoxin infusion. A long-term model of sepsis might have resembled more adequately the inflammatory and mitochondrial derangements that characterize human septic shock (8, 9) . Second, fluid resuscitation was only aimed to restore baseline conditions. A more aggressive volume expansion might have produced different results. For example, a supranormal increase of blood flow by saline administration prevents intramucosal acidosis in ovine endotoxemia (52) .
We did not measure portal pressure, an important mechanism accounting for blood flow redistribution (41) . Finally, although the model shows some of the features of human septic shock, it may not replicate the human situation exactly because the sheep is a ruminant.
CONCLUSIONS
This experimental model of endotoxic shock was associated with the development of sublingual and intestinal microcirculatory alterations. Fluid resuscitation was able to normalize sublingual and intestinal serosal microcirculation, but hypoperfused ileal villi and hyperlactatemia remained present. These findings highlight the limitations of fluid resuscitation and suggest that additional microcirculatory recruitment maneuvers might be required despite successful sublingual recovery (47, 53) . Intramucosal acidosis seems to be related to persistent decrease of microvascular flow index and reduced number of perfused intestinal villi.
